Although dominant gain-of-function triplet repeat expansions in the Huntingtin (HTT) gene are the underlying cause of Huntington disease (HD), understanding the normal functions of nonmutant HTT protein has remained a challenge. We report here findings that suggest that HTT plays a significant role in selective autophagy. Loss of HTT function in Drosophila disrupts starvationinduced autophagy in larvae and conditional knockout of HTT in the mouse CNS causes characteristic cellular hallmarks of disrupted autophagy, including an accumulation of striatal p62/SQSTM1 over time. We observe that specific domains of HTT have structural similarities to yeast Atg proteins that function in selective autophagy, and in particular that the C-terminal domain of HTT shares structural similarity to yeast Atg11, an autophagic scaffold protein. To explore possible functional similarity between HTT and Atg11, we investigated whether the C-terminal domain of HTT interacts with mammalian counterparts of yeast Atg11-interacting proteins. Strikingly, this domain of HTT coimmunoprecipitates with several key Atg11 interactors, including the Atg1/Unc-51-like autophagy activating kinase 1 kinase complex, autophagic receptor proteins, and mammalian Atg8 homologs. Mutation of a phylogenetically conserved WXXL domain in a C-terminal HTT fragment reduces coprecipitation with mammalian Atg8 homolog GABARAPL1, suggesting a direct interaction. Collectively, these data support a possible central role for HTT as an Atg11-like scaffold protein. These findings have relevance to both mechanisms of disease pathogenesis and to therapeutic intervention strategies that reduce levels of both mutant and normal HTT.
Huntington disease | selective autophagy | Huntingtin | polyglutamine | neurodegeneration H untington disease (HD) is a fatal autosomal-dominant neurodegenerative disorder caused by an expansion of a CAG trinucleotide repeat encoding a polyglutamine (polyQ) tract near the N terminus of the 350-kD Huntingtin protein (HTT) (1) . Identifying the normal biological function of the HTT protein is important in the effort to design and implement effective therapeutic interventions for HD, but has proved challenging.
In the mouse, loss of HTT leads to lethality during gastrulation at embryonic day 7 (2) (3) (4) . Conditional inactivation of HTT in the mouse forebrain at postnatal or late embryonic stages causes a progressive neurodegenerative phenotype associated with neuronal degeneration, motor phenotypes, and early mortality (5) . Loss of HTT in mouse cells reduces primary cilia formation, and deletion of HTT in ependymal cells leads to alteration of the cilia layer, suggesting a role for HTT in ciliogenesis (6) . Mutant HTT expression and HTT knockdown have also been found to impair axonal trafficking of vesicles, mitochondria, and autophagosomes in neurons in vitro and in vivo (7-9). A clear molecular mechanism to relate these findings to the function of the HTT protein, however, has not yet emerged.
In contrast to the embryonic lethality observed in the mouse, Drosophila lacking the endogenous Htt gene develop normally. However, adult Drosophila HTT loss-of-function (LOF) flies show an accelerated neurodegenerative phenotype in a Drosophila model of HD, expressing human mutant exon 1 HTT protein (10) . Loss of HTT function leads to defects in mobility and ultimately survival as the adult flies age, and to a mitotic spindle misorientation, which is also observed in the conditional mouse neuronal HTT knockout. Drosophila HTT expression in mouse cells treated with mouse Htt siRNA can compensate for the loss of mouse HTT, demonstrating functional conservation of the mitotic spindle and axonal transport roles of HTT from these widely divergent species (11, 12) . In zebrafish, depletion of HTT produces symptoms of cellular iron deficiency, showing a requirement for HTT in cellular iron utilization (13) , whereas knockout of HTT in Dictyostelium discoideum demonstrates it is needed for survival when nutrients are limiting (14) .
In contrast to the sequence conservation among vertebrate and invertebrate HTT proteins, finding clear homologs of metazoan HTT in yeast has proven challenging. Bioinformatic studies suggest that the HTT protein shares a sequence relationship with three different components of the yeast autophagy
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The normal function of the Huntingtin (HTT) protein is emerging. Here we report that selective autophagy requires an intact HTT protein in Drosophila and mouse CNS. We describe similarities in structure and binding activity between the C-terminal domain of HTT and the yeast autophagy scaffold protein Atg11, suggesting that HTT may normally function as a scaffold for various types of selective autophagy. Mice expressing an expanded repeat form of HTT also show deficits in protein clearance. Because autophagy is critical for clearance of cellular proteins, including mutant HTT, the impairment of normal HTT function by the polyQ expansion could suppress activity of the autophagy machinery. These results may have important implications when evaluating therapeutic strategies for HD. The authors declare no conflict of interest. 1 J.O. and T.L. contributed equally to this work. 2 To whom correspondence may be addressed. Email: dhousman@mit.edu or jssteffa@uci.edu. This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1420103111/-/DCSupplemental. system-Atg11, Atg23, and Vac8 (15)-leading us to propose that HTT carries out cellular functions analogous to those carried out by these yeast proteins. To test this hypothesis, we conducted functional studies showing that Drosophila and mouse knockouts for HTT have impaired autophagic processes. Molecular association studies using coimmunoprecipitation reveal that HTT has high affinity for mammalian components of the autophagy system that are known to interact with the relevant yeast autophagy proteins. These observations support the hypothesis that a normal function of the HTT protein is in the execution of autophagy pathways and that ablation of HTT function leads to defects in autophagy, which may be important to consider in evaluating therapeutic options for HD.
Results
HTT LOF in Drosophila Inhibits Autophagy. Given the similarities in amino acid sequence between human HTT and yeast Atg11, Atg23, and Vac8 (15) , we asked whether normal Drosophila HTT plays a role in autophagy by assessing the ability of HTT LOF flies to mount a stress-activated autophagic response. Feeding larvae were immersed in 20% (wt/vol) sucrose for 3 h to induce a starvation response. Autophagy was monitored with both Lyso-Tracker Red and by immunostaining with anti-p62/SQSTM1, a receptor protein for selective autophagy that is called Ref(2)P in Drosophila (16) . In normal larvae, this starvation regimen induces the rapid appearance of many acidic LysoTracker Red-positive vesicles ( Fig. 1A ). In HTT LOF larvae, the appearance of acidic vesicles (primary lysosomes and autolysosomes) induced by starvation stress is dramatically suppressed. Consistent with a disruption of autophagy, accumulation of Ref(2)P increased markedly in the fat bodies of HTT LOF larvae (Fig. 1B) . The data from Fig. 1 A and B was quantitated and found to be highly significant. These observations indicate that HTT-deficient Drosophila are unable to mount a stress-induced autophagic response. This phenotype is similar to that reported for LOF mutants of Drosophila RB1CC1/ FIP200 and Atg7, proteins that are also essential for autophagy (17) (18) (19) . In addition, we observed a climbing deficit in HTT LOF larvae, a behavioral defect typical of impaired autophagy. Late in the third larval stage (L3), a hormone signal prompts the initiation of a wandering behavior when larvae leave the food and climb the walls of the vial searching for an appropriate place to pupariate. HTT LOF larvae wander to pupriation sites significantly lower (approximately half) than controls (Fig. 1C ). This behavior is similar to the motor deficit reported for RB1CC1/FIP200 and Atg7 LOF mutants (17, 18) . These data demonstrate that loss of HTT in Drosophila results in an almost complete loss of starvationinduced autophagy.
Conditional Knockout of HTT in the Mouse CNS Supports a Role for
HTT in Autophagy. Because complete LOF of HTT in the mouse causes early embryonic lethality, we used the conditional inactivation of HTT in mouse forebrain to assess the impact of HTT LOF. HTT LOF at early postnatal or late embryonic stages causes a progressive neurodegenerative phenotype and early mortality (5), reminiscent of the phenotypes caused by loss of autophagy proteins, such as Atg5, Atg7, and RB1CC1/FIP200 in the CNS of mice. These conditional knockouts cause abnormal accumulation of ubiquitinated protein aggregates accompanied by increased apoptosis and neurodegeneration (20) (21) (22) . We analyzed HTT conditional knockout mice (Htt flox/− ;nestin-cre-tg) for similar biochemical correlates and observed statistically significant increases in p62 in the pellet fraction from dissected striata by 6 mo of age compared with controls ( Fig. 1D ). This dysregulation is progressive, as by 14 mo accumulation of p62 in these fractions is even more pronounced ( Fig. 1D and Fig. S1A ). Dysregulation of autophagy is also suggested by a pronounced accumulation of lipofuscin and ubiquitin in thalamus from 7-moold conditional knockout mice (Fig. S1B) , a brain region that shows relatively early lipofuscin accumulation in aging rodents and for which dysfunction is implicated in HD (23, 24) . Lipofuscin and ubiquitin accumulation is similarly pronounced in striata from CAG140 HD mice (25, 26) . Although most Htt −/− mutants die before 15 mo of age because of hydrocephalus, in one surviving 2-y-old mutant mouse with milder hydrocephalus, ubiquitin and p62 puncta and lipofuscin accumulation were also prevalent in the striatum, similar to what we observed in 2-y-old 140Q/+ mouse striatum ( Fig. S1C ). Taken together, these data are consistent with HTT playing a necessary essential role in autophagy that is impaired upon HTT knockout or mutation.
The C-Terminal Domain of HTT Is Similar to Yeast Atg11. The in vivo data above support the hypothesis that HTT normally functions as a component of the autophagy system. Sequence analysis of HTT orthologs from mammals and invertebrates suggest that several regions of the HTT protein share similarity with Saccharomyces cerevisiae autophagic proteins ( Fig. 2A and Figs. S2-S4) (15) . The amino-terminal (N-terminal) domain of mammalian HTTs (human HTT amino acids 1-586) is similar to yeast Atg23 (Fig. S2 ), the central region of HTT (amino acids 745-1710) is similar to yeast Vac8 (Fig. S3 ), and the carboxyl-terminal (C-terminal) region of HTT (amino acids 1815-3144) is similar to yeast Atg11 (Fig. S4 ). This finding suggests the hypothesis that HTT is a protein in which the functionality of these three yeast proteins is combined into a single large polypeptide chain.
To evaluate whether the C-terminal region of HTT was functionally related to Atg11 in yeast, we asked whether it would coimmunoprecipitate with human orthologs of known yeast Atg11interacting proteins. In yeast, the Atg1/Unc-51-like autophagy activating kinase 1 (ULK1) kinase complex is a key regulator of autophagic activation and inhibition and is comprised of several Atg proteins, including Atg1, Atg11, Atg13, and Vac8 (27, 28) . In mammalian cells this complex includes ULK1, RB1CC1/FIP200, and ATG13 ( Fig. 2A ). To test for interaction with members of this complex, a minimal fragment of the C-terminal domain of HTT (amino acids 2416-3144) that contains the Atg11 CC3-and CC4like domains involved in interactions with autophagy proteins (28, 29) , was fused in frame to an N-terminal Venus tag (Fig. 2B ). When epitope-tagged and overexpressed in HEK293T cells, we found that these three mammalian proteins coimmunoprecipitated with the C-terminal HTT fragment. In addition, this fragment also copurified with autophagic receptor protein p62/SQSTM1, an ortholog of yeast Atg19 that is known to interact with Atg11 (27, 30) (Fig. 2C) .
The mammalian homolog of Atg6, BECN1/Beclin-1 is part of the phosphatidylinositol 3-kinase complex required for induction of autophagy and is phosphorylated and activated by ULK1 (31) . Because Atg6 has a genetic interaction with Vac8 (32), we investigated the potential interaction between BECN1 and HTT, because the central domain of HTT resembles Vac8 (Fig. S3 ) (15) . BECN1 coimmunoprecipitated with full-length WT (23Q) and mutant (100Q) HTT in cells (Fig. 2D ). These data are consistent with HTT functioning like Atg11 and Vac8 in metazoans.
The N-and C-Terminal Domains of HTT Interact. In yeast, Atg23 and Atg11 work together to regulate autophagosome formation and Atg9 trafficking (15) . In HTT, the N-terminal domain resembles the yeast Atg23 protein (Fig. S2) , whereas the C-terminal domain is similar to Atg11 (Fig. S4 ). If these structural similarities are functionally relevant, one would predict that the N-and C-terminal domains of HTT might interact with each other. Consistent with this hypothesis, the N-terminal 586 amino acid-HTT fragment coimmunoprecipitated with the C-terminal region tested above (amino acids 2416-3144) and expansion of the polyQ repeat did not affect the interaction (Fig. 2E) . The HTT fragment encoded by 90 amino acid exon 1 was not sufficient for this interaction, suggesting that HTT residues within the 91-586 amino acid domain are required.
HTT May Play a Role in Mitophagy. In yeast, selective autophagic clearance of mitochondria, mitophagy, requires an interaction between Atg11 and the protein Atg32, a receptor protein anchored to the outer mitochondrial membrane (33) . The mammalian counterparts of Atg32 are the integral membrane receptors BNIP3 (BCL2/adenovirus E1B 19 kd-interacting protein 3) and BNIP3L/NIX (34, 35) . Immunoprecipitation of MYC-tagged BNIP3 or BNIP3L/NIX after cotranfection with Venus-tagged HTT(2416-3144) followed by Western blotting (Fig. 2C ) resulted in robust staining with anti-Venus antibody but not with antiactin, demonstrating that the C-terminal HTT(2416-3144) interacts with the mammalian counterparts of yeast Atg32 that bind Atg11 during mitophagy.
BNIP3 and BNIP3L/NIX were both originally isolated as proteins that, when overexpressed in cultured mammalian cells (e.g., MCF-7, HeLa, and rat fibroblasts), cause apoptotic cell death, suggesting that destabilizing mitophagic balance may have severe consequences for the cell (36) . Furthermore, overexpression of Atg11 from a multicopy plasmid in yeast results in cell death (37) . Consistent with a disruption in cellular homeostasis, transiently transfecting C-terminal HTT fragments into rat primary cortical neurons (Fig. S5 ) caused cell death, both when expressing either the minimal CC3 and CC4-like region (amino acids 2416-3144) or a longer fragment that comprises the full Atg11-like protein (amino acids 1651-3144).
HTT and Atg11 Have WXXL Domains. Atg8-family proteins are evolutionarily conserved proteins that are components of the core autophagic machinery and play a crucial role in the formation of autophagosomes. Yeast Atg8 is highly similar to the mammalian Atg8 family, which is comprised of at least three MAP1 light-chain 3 proteins (LC3A, LC3B, LC3C), and four GABA receptor-associated protein (GABARAP) and GABARAPlike proteins (GABARAPL1/Atg8L/GEC-1, GABARAPL2/Gate-16, and GABARAPL3) (38) . Atg8s are ubiquitin-like modifiers that become conjugated to phosphatidylethanolamine by a process similar to ubiquitination. Lipidated Atg8s localize to phagophores (autophagosome precursors) and autophagosomes and are involved in the recruitment of the selective cargo to the forming autophagosome. Atg11 has recently been shown to directly interact with Atg8 (39). To examine whether the C-terminal domain of HTT interacts with the Atg8-family of proteins in cells, the two different C-terminal HTT fragments were tested in coimmunoprecipitation experiments with mammalian Atg8 homologs LC3B and GABARAPL1.
Proteins that dock onto Atg8s have a "WXXL" interaction surface with a consensus sequence W/F/Y-X-X-L/I/V/F. In mammals, this domain is also be referred to as a "LIR," for LC3-interacting region (38, 40) , and is found in many proteins, including p62, OPTN/optineurin, and BNIP3L/NIX, which are also Atg8 familyinteracting proteins (Fig. S6A ). The C-terminal domains of both Atg11 and HTT contain a highly conserved region (Figs. S4 and S6B) with a consensus LIR, coinciding with tryptophan (W) 3037 in human HTT. Using a web resource for prediction of Atg8-family interacting proteins, iLIR (38) , we find that human full-length HTT has nine such xLIR motifs (LIR motifs containing flanking residues common to other Atg8 family-interacting proteins) including the phylogenetically conserved motif at W3037, which has the highest position-specific scoring matrix score (Figs. S6C and S7 ). An additional 45 WXXL motifs were also identified within full-length HTT (Fig. S8) , again similar to yeast Atg11, which has 4 xLIRs and 23 WXXL domains predicted by the iLIR web resource (Fig. S9) .
The p62 and OPTN proteins each contain only one predicted xLIR, and mutation of the p62 xLIR at W338A or the OPTN xLIR at F178A blocks their interaction with LC3 (41, 42) . We found that Venus-HTT(2416-3144) and Venus-HTT(1651-3144) specifically coimmunoprecipitated with both MYC-LC3B and MYC-GABARAPL1. To test whether the interaction of HTT with either GABARAPL1 or LC3B was dependent on the presence of the conserved W3037 motif, a W-to-A mutation was introduced (W3037A) into both C-terminal HTT polypeptides. This mutation did not affect the interaction with the longer construct (Fig. S6D) , but significantly reduced the interaction of GABARAPL1 with the shorter amino acid 2416-3144 HTT fragment (Fig. 3) . The interaction with LC3B was not affected by the presence of the W3037A mutation. These data suggest that the higher number of combined xLIRS and WXXL domains within the longer HTT fragment (26 vs. 11) may compensate for the mutation, but that this highly conserved motif at HTT W3037 is likely a functional LIR, as evidenced by reduced binding to GABARAPL1. The domain of mammalian Atg8s that interacts directly with WXXL domains, as shown by crystal structure, is negatively charged for GABARAPL1 but positively charged for LC3B (42) . Therefore, it is possible that the positively charged HTT residue R3035 adjacent to the WXXL at W3037 may directly interact with GABARAPL1 E7 and D8 negatively charged residues, but not with LC3B R10 and R11 positively charged residues. There may therefore be a structural basis for the loss of GABARAPL1 interaction with HTT W3037A; this will be evaluated in future studies.
Discussion
Autophagy is an evolutionarily conserved lysosomal degradation pathway. Here we show that the HTT protein in Drosophila and mice is essential for normal selective autophagy and we propose that the HTT proteins of metazoans encapsulate the function of autophagy proteins Atg11, Atg23, and Vac8 in yeast. Specifically, the protein Atg11 is known to regulate selective autophagy and act as a scaffold/adaptor protein that brings the autophagic core machinery into contact with targets for degradation. Vac8 is part of the Atg1 complex and plays a role in nucleophagy in the formation of nucleus/vacuole junctions, whereas Atg23 and Atg11 work together to regulate autophagosome formation and Atg9 trafficking in yeast (15) . We find that the C-terminal domain of HTT, similar in structure to yeast Atg11, can interact with the Atg1/ULK1 kinase complex, receptor proteins and the Atg8 family of proteins, suggesting that HTT may have activity as a scaffold for selective forms of macroautophagy and microautophagy, in essence functioning as a mammalian Atg11.
The loss of HTT function in a number of different organisms and tissue types has led to a plethora of phenotypic consequences (43) . The possibility that HTT plays a role as an autophagic scaffold has the potential to unite a diverse set of observations regarding HTT function and has relevance to therapeutic interventions in HD. In Fig. S10 , we outline a range of cellular processes which have been shown to involve selective autophagy and to require the specific functional components we suggest are attributable to HTT; many of these have been reported to be disrupted in HTT knockouts. For example, in zebrafish loss of HTT function is associated with a defect in iron metabolism, which at present is mechanistically unclear. A defect in selective autophagic clearance of the ironbinding protein ferritin (ferritinophagy) with loss of HTT function in HD patients and mice may therefore reflect an impairment in ferritinophagy (13, 44, 45) . Both mutant HTT expression and HTT knockdown are found to impair axonal trafficking of vesicles, mitochondria, and autophagosomes in neurons in vitro and in vivo (7) (8) (9) 12) , consistent with a loss of Atg11/Atg23-like membrane trafficking.
Autophagy proteins can regulate cell cycle progression, mitosis, and selective midbody ring autophagic clearance (46) (47) (48) ; therefore, HTT activity at the mitotic spindle may reflect its function as part of the autophagic machinery. We also find that HTT knockout in the mouse CNS causes accumulation of p62-and ubiquitincontaining aggregates, which may reflect a loss of aggrephagy, the selective autophagic disposal of protein oligomers and aggregates (49) . Atg11 is a scaffold protein required for selective targeting of oligomers to the yeast vacuole in the Cvt pathway. Two Atg11interacting proteins required for the Cvt pathway, Atg20 and Atg24, are similar in amino acid sequence to HTT-interacting proteins OPTN and HAP1, respectively (15) , further supporting the similarity in aggrephagy function between HTT and Atg11.
Loss of HTT function in mouse cells reduces cilia formation, and ciliogenesis is altered in HD. The association of HTT with OPTN directly links it to the RAB8 protein, important for ciliogenesis (6, 41, 50, 51) . These data support a role for HTT in ciliogenesis/ ciliophagy (52) . A loss of WT HTT function may similarly cause dysregulation of RNA-mediated gene silencing because HTT associates with Argonaute and P bodies/stress granules, both shown to be cleared by selective autophagy/granulophagy (53) (54) (55) . These associations suggest that many of the phenotypic consequences caused by loss of HTT function can be understood in terms of disrupted selective autophagy.
HD is a progressive neurodegenerative disease associated with protein accumulation and dysfunction and a growing number of studies suggest that fundamental defects in autophagy may underlie pathogenesis of this disease. In HD, autophagosomes form normally and are eliminated by lysosomes, but fail to efficiently trap cytosolic cargo in their lumen. The number of lipid droplets increases in HD cells, paralleling their reduced association with autophagosomes, which may reflect a loss of selective autophagic degradation of fats and lipids, lipophagy. Indeed, the accumulation of lipofuscin, which represents reduced lipid degradation and is a hallmark of aging and neurodegeneration, is observed in postmortem HD brain (56, 57) . Relevant to the proposal that HTT is a critical component of the autophagy machinery, when autophagy core proteins are reduced through knockdown (20) (21) (22) , neurodegeneration is observed that is similar to that observed in HD models containing an expanded polyglutamine repeat within HTT (1) . In Drosophila, HTT LOF animals are viable with no obvious developmental defects; however, removing endogenous Drosophila HTT leads to accelerated neurodegeneration in flies challenged with expanded human HTT exon 1 (Q93) and to loss of autophagy in starvation-stressed larvae ( Fig. 1) (10) . The loss of stress-induced autophagy can account for the accelerated degeneration when challenged with mutant HTT, consistent with a role for WT HTT in autophagy in flies.
Inactivation of HTT in mouse brain results in progressive neurodegeneration and in an accumulation of aggregates ( Fig. S1 B and C) (5) . Conditional neuronal knockdown of autophagy core proteins Atg5 and Atg7 has previously been shown to cause neurodegeneration with corresponding accumulation of aggregates (20, 21) . Knockdown of the ULK1 kinase complex protein RB1CC1/FIP200, a protein with sequence similar to yeast Atg11 (39) and the C-terminal domain of HTT (Fig. S4) , causes cerebellar neurodegeneration and aggregate accumulation (22) , whereas knockdown of HTT results in striatal cell loss (1) , although at a much slower rate of progression, possibly because of redundancy in Atg11-like protein function. Thus, differential expression and use of mammalian Atg11-like proteins in brain may contribute to the selective neuronal cell death observed in neurodegenerative diseases. BECN1 can regulate autophagic clearance of fulllength and fragmented mutant HTT in cell culture and colocalizes with mutant HTT in inclusions in the transgenic R6/2 HD mouse brain (58) , raising the possibility that sequestration of BECN1 in mutant HTT aggregates can contribute to disease by disrupting autophagy. Here we find that BECN1 associates with full-length WT and mutant HTT. Taken together, these findings have significance for therapeutics that involve reduction of normal HTT function if HTT is indeed a critical scaffold protein involved in selective autophagy.
The central domain of HTT shares similarity with Vac8 (Fig.  S3 ), a protein that functions together with Atg11 in yeast nucleophagy, suggesting that the central and C-terminal domains of HTT may play a role in mammalian nucleophagy (15) . Impairment of nucleophagic transcription factor clearance caused by a loss in WT HTT function may contribute to HD pathogenesis, because transcriptional dysregulation has been demonstrated in HD and autophagic clearance of transcription factors has been recently shown to be progressively dysregulated with aging and neurodegeneration (43, 59) . In addition, we observe that the C-terminal domain of HTT coimmunoprecipitates with mitophagy receptor proteins p62, BNIP3, and BNIP3L/NIX. A loss of mitophagic function may contribute to the known abnormalities in mitochondrial function and bioenergetics that occur in HD (60) .
We find that the HTT N-terminal Atg23-like domain interacts with its Atg11-like C-terminal domain. We postulate that posttranslational modifications within the N-terminal domain of HTT, which regulate WT and mutant HTT abundance and mutant HTT-mediated toxicity, may serve as potential modulators of this intramolecular interaction and, hence, regulation of autophagy. These modifications include phosphorylation of serines 13, 16, and 421 and acetylation of lysines 9 and 444 (15, 61) .
Phosphorylation of HTT serines 13 and 16 may change the conformation of a flexible hinge in the N-terminal domain of HTT to reduce the ability of HTT to fold back on itself (62), thereby potentially allowing the autophagy activity of the Atg11 C-terminal domain to be activated. Indeed, mimicking this modification reduces mutant HTT-mediated toxicity in vivo (63), consistent with a central role for this phosphorylation event.
We propose here that HTT may function as a scaffold for selective autophagy, based on structural similarities with Atg11, Atg23, and Vac8, interactions with Atg11 partners, the presence of a motif that can regulate at least one of these interactions, and findings that loss of HTT function recapitulates phenotypes in common with loss of core autophagy proteins. A loss of neuronal selective autophagy with age may contribute to the accumulation of protein aggregates, disruption of mitochondrial function, and inflammation that are hallmarks of HD and other polyQ diseases, as well as diseases such as Alzheimer's and Parkinson's diseases, frontotemporal dementia, and amyotropic lateral sclerosis. Given that autophagy has been implicated in many of these diseases, targeting HTT itself may provide an attractive therapeutic target for intervention in these disorders, suggesting that these findings may have broad relevance.
Materials and Methods
Reagents. Plasmids and antibodies used in this study are described in SI Materials and Methods.
Cell Culture and Transfection, Immunoprecipitation, and Western Blot. HEK293T cells were cultured, lysed, and sonicated. For immunoprecipitation, 500 μg of HEK293T cell lysate was incubated with anti-HA, anti-MYC or anti-Living Colors antibody and Dynabeads (Invitrogen) and incubated on a rotator overnight at 4°C. Immunoprecipitates were washed three times and analyzed by Western blot, and statistics are described in SI Materials and Methods.
Primary Cortical Neuron Survival Assay. Rat (Rattus norvegicus) colonies were maintained in accordance with the University of California, San Francisco Assurance of Compliance with PHS Policy on Humane Care and Use of Laboratory Animals by Awardee Institutions number A3400-01. The animals were euthanized using CO 2 , resulting in rapid and painless death, consistent with the recommendations of the Panel on Euthanasia of the American Veterinary Medical Association. Rat primary cortical neurons were dissected, plated and transfected, imaged and survival analysis performed as described in SI Materials and Methods.
Nestin-cre Conditional Htt Knockout Mouse. All procedures using mice were approved by the Institutional Animal Care and Use Committee of the University of Virginia, and were in accordance with NIH guidelines. For conditional knockout of Htt expression in neuronal progenitors, we used a nestincre transgenic line. Htt flox/− ;nestin-cre-tg mice were obtained from crosses between Htt +/− ; nestin-cre-tg males and Htt flox/flox females. Brains were frozen and subjected to analysis as described in SI Materials and Methods. p62/SQSTM1 was detected by Western analysis in the striatal insoluble pellet fraction and quantitated as previously described (26) .
Drosophila HTT LOF Experiments. Autophagy was analyzed in HTT LOF Drosophila larvae (10) as described in SI Materials and Methods. Briefly, early third-instar larvae synchronized at 88 h after egg laying were starved through flotation in sucrose for 3 h at room temperature. Fat bodies were dissected and processed with LysoTracker Red or fixed and subjected to immunohistochemistry with anti-p62/Ref(2)p. Climbing behavior was analyzed by averaging the distance from the food surface of the 5 highest pupae in each of 10 vials.
